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Abstract: The advent of recombinant DNA technology fundamentally altered the drug discovery
landscape, replacing traditional small-molecule drugs with protein and peptide-based biologics.
Being susceptible to degradation via the oral route, biologics require comparatively invasive
injections, most commonly by intravenous infusion (IV). Significant academic and industrial
efforts are underway to replace IV transport with subcutaneous delivery by wearable infusion
devices. To further complement the ease-of-use and safety of disposable infusion devices, surface
disinfection of the drug container can be automated. For ease of use, the desired injector is a
combination device, where the drug is inside the injector as a single solution combination device.
The main obstacle of the desired solution is the inability to sterilize both injector and drug in the
same chamber or using the same method (Gamma for the drug and ETO for the injector). This
leads to the assembly of both drug container and injector after sterilization, resulting in at least
one transition area that is not sterilized. To automate the delivery of the drug to the patient, a
disinfection step before the drug delivery through the injector is required on the none-sterilized
interface. As an innovative solution, the autoinjector presented here is designed with a single
ultraviolet light-emitting diode (UV LED) for surface disinfection of the drug container and
injector interface. In order to validate microbial disinfection similar to ethanol swabbing on
the injector, a bacterial 3 or 6 log reduction needed to be demonstrated. However, the small
disinfection chamber surfaces within the device are incapable of holding an initial bacterial load
for demonstrating the 3 or 6 log reduction, complicating the validation method, and presenting a
dilemma as to how to achieve the log reduction while producing real chamber conditions. The
suggested solution in this paper is to establish a correlation model between the UV irradiance
distribution within the disinfection chamber and a larger external test setup, which can hold the
required bacterial load and represents a worse-case test scenario. Bacterial log reduction was
subsequently performed on nine different microorganisms of low to high UV-tolerance. The
procedure defined herein can be adopted for other surface or chamber disinfection studies in
which the inoculation space is limited.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The start of the biological drug revolution can be traced to the early 1970s with the demonstration
that isolated genes from one organism could be cloned and expressed in another unrelated
organism, a technique now known as recombinant DNA technology [1]. Currently around 30%
of all drugs approved by the Food and Drug Administration (FDA) are biologics [2], and biologic
targets are expected to increase with the accelerating pace of genomics and proteomics, aided
largely by continued advances in DNA sequencing and proteome analysis [3-5]. Biologics have
identified targets for treating anemia, cystic fibrosis, growth deficiency, diabetes, and cancers, to
name a few [6]. Nonetheless, biologics are considerably more challenging to manufacture than
small molecules, being unstable, not entirely characterizable, and strongly process-dependent
[7,8]. Moreover, while small-molecule drugs benefit from considerably simpler and convenient
oral administration, biologics are susceptible to degradation in the alimentary canal, as well as by

#453270 https://doi.org/10.1364/BOE.453270
Journal © 2022 Received 7 Jan 2022; revised 10 Feb 2022; accepted 10 Feb 2022; published 16 Mar 2022


https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.453270&amp;domain=pdf&amp;date_stamp=2022-04-07

Research Article Vol. 13, No. 4/1 Apr 2022/ Biomedical Optics Express 2145 |

Biomedical Optics EXPRESS o~

other biological barriers such as the skin and mucus. Therefore, they require parenteral delivery,
which to date has most commonly been performed by intravenous (IV) injection.

Over the past few years, the soaring interest in biologics has been paralleled by a proliferation of
value-based healthcare, which has extended to the patient-drug delivery experience. Given rising
healthcare costs, pharmaceutical companies are under increasing pressure to provide parenteral
drug administration solutions capable of addressing both patients and healthcare providers. These
solutions focus on converting IV administration to either subcutaneous injection or non-invasive
routes such as transdermal, oral, nasal, or inhalation. Subcutaneous delivery has already been
approved for clinical use for over 100 biologics [2], and its potential integration with wearable
drug delivery devices, or “wearable injectors” furthers its value proposition. Unlike manual
injection, wearables offer timed treatment initiation, alternating flow rates, patient-controlled
boluses, paused injections, and more. Such subcutaneous injectors can replace costly at home
infusion care requiring bulky infusion equipment and/or minimize patient length of stay (LOS)
in hospitals. In addition to improving bed management efficiency, reduction in the number of
inpatient days lessens patient exposure to secondary infection. Moreover, wearables support
shorter and more convenient dosing regimens that are more likely to be adhered to compared
with invasive IV infusions [9].

Wearable injectors come in three primary configurations differentiated by the filling method.
Either the medication is filled at point-of-care into the device, a prefilled primary container is
loaded into the device at the point-of-care, or the device is prefilled and preloaded. In all these
configurations, maintaining the pharmaceutical company’s primary drug container is preferred
since most often the regulatory approvals, procurement concerns, costs, as well as chemical
interactions have already been established for that container. Therefore, a wearable injector that
accommodates an existing drug container can drastically improve time to commercialization.
The most widely used primary container is the vial; however, most viable wearable injectors are
either limited to cartridges or use special adapters to receive vial-based contents. A recently
introduced wearable injector [10] overcomes various design challenges to offer the first prefilled
and preloaded vial-based solution. One major obstacle considered is the disinfection of the
container surface, which needs to take place just prior to drug delivery. This task would typically
be achieved by swabbing the needle puncture site with a 70% ethanol or isopropanol pad [11];
however, the very advantage of a preloaded device makes this surface inaccessible.

In an alternative configuration presented here, the wearable injector contains a single integrated
ultraviolet (UV) light emitting diode (LED) for disinfection of the drug container stopper surface
and injector interface at the point-of-care (Fig. 1). While ultraviolet germicidal irradiation
(UVQI) is widely associated with the disinfection of liquids, in particular drinking water and
wastewater [12,13], as well as the disinfection of air in air handling units [14,15], its potential
applications for surface disinfection are far wider. Some applications of UV-based disinfection
for surfaces have already taken place in the healthcare space. Most prominent are the UVGI
generators for whole room disinfection [16], but several scaled down UV disinfection devices
have also been proposed. For example, hand-held or portable ultraviolet radiation devices were
developed for decontamination of healthcare associated pathogens on tables and miscellaneous
items (keyboards, etc.) [17,18], and a disinfection procedure was designed using UV light for safe
reuse of ultrasound probes [19]. Nonetheless, few, if any, studies have systematically examined the
efficacy of single UV LEDs for small-scale (<1 cm?) surface disinfection, and no such technology
has been demonstrated in a wearable infusion device. UV LEDs are advantageous in that they
can be easily integrated, require minimal power, and are dose-programmable. Nonetheless, the
greatest challenge to overcome is the validation of microbial disinfection, which is complicated by
the non-uniform irradiance occurring as such confined dimensions and the inability to inoculate
it with the bacterial load required for the log reduction.
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Fig. 1. Wearable infusion device and validation setup. a) computer aided design (CAD)
model of the disinfection chamber before and after disinfection, showing the interface
between the device and the stopper of the drug container. The vial and venting needles
are shown in their positions prior to and after insertion into the drug container via the
thermoplastic elastomer (TPE) chamber, which occurs after UV surface disinfection. b)
Illustration of the infusion device with the glass drug container partially inserted. The
disinfection chamber is situated at the interface of the drug container and pump, hidden
behind the outer plastic molding. c) Disinfection validation setup showing the position of
the LED, mounted to a printed circuit board (PCB) and test substrate. An illustration of the
UV light was superimposed on the captured image.

The UV surface disinfection validation studies presented in the literature are commonly
implemented by one or more of the following methods: i) swabbing of the surface in its
native state, that is, without direct inoculation of the surface with a foreign challenge organism
[16,19-21], ii) inoculation and complete drying of a vegetative or non-vegetative suspension on
the test surface [22-25], iii) growth of a biofilm layer on the test surface [26], or iv) inoculation
and spreading of a vegetative organism in its wet state [27]. The first method best captures realistic
contamination scenarios but does not present a significant challenge to the UV disinfection
system since the device undergoes ethylene oxide (EtO) sterilization before packaging. Therefore,
the latter three methods were investigated for use in this disinfection validation study with nine
different bacteria as challenge organisms. Unlike the aforementioned studies, where disinfection
took place on surfaces that could be easily inoculated with a sufficient initial bacterial load, an
enclosed disinfection chamber significantly limits the inoculation volume and limits the process
success prospects. Importantly, given the proximity of the LED to the targeted disinfection
surfaces in the infusion device, it was necessary to first model the UV irradiance distribution,
which varies significantly with distance and angle from the source. In this way, an alternative
geometrically equivalent setup was designed based on the weakest dose, and thus the “local”
survivability of bacteria as opposed to the “bulk” survivability over the entire exposure area was
assessed. The full methodology and log reduction testing are described herein.
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2. Materials and methods
2.1. Modelling the UV irradiance

An experimental setup for log reduction was designed according to the modelled UV irradiance
distribution in the UV chamber of the wearable infusion pump. To understand the need for the
model and creation of a separate log reduction setup, it is necessary to first detail the mechanism
and geometry of the disinfection apparatus. The wearable infusion pump consists of a UV
chamber interfacing the pump’s sterilized fluid path and the unsterilized drug container that
originates from the outside environment (Fig. 1). The vial contents are delivered to the pump via
a hypodermic needle, and an additional needle is used for venting. The needles are part of the
sterilized pump. The only non-sterilized interfaces are the outer septum from the device side
and the vial stopper surface. Before the needles can be deployed across the UV chamber and
puncture the stopper, these two surfaces must be UV-disinfected. More specifically, the needle
insertion sites through these two surfaces need to be disinfected rather than the entire chamber.
These insertion sites can be accurately designed within a measurable tolerance, and the UV LED
is positioned to capture both surfaces in a single exposure. These two surfaces are compact (<1
cm?) and do not allow the freedom to inoculate an initially high bacterial load aiming for a 3 or 6
log reduction (such as 108 — 10° CFU/mL), without contaminating non-exposed surfaces to UV
irradiance during the disinfection process. For example, a 0.2 milliliter of inoculant will come in
contact with the entire disinfection chamber surface, while the surface of interest is less than 20%
of the total surface. Those surfaces eventually hold viable bacteria throughout the disinfection
process, which, after extraction and incubation, evolve into colonies. Those colonies cannot be
excluded from the summative log reduction counting hence causing the validation effort to fail.
The UV irradiance varies according to three geometric parameters: the distance from the LED,
the angle the light makes with the incident surfaces, and the direction of the light emanating
from the LED. Therefore, some regions in the chamber receive higher UV exposure than others,
varying even by over 9-fold between needle insertion sites. Consequently, any log reduction
experiment performed directly in the UV chamber would only provide an estimate of the bulk
survivability of bacteria and would not address the local survivability of bacteria at specific
insertion sites. The experiment would be biased by the much lower survivability of bacteria
exposed to higher doses. Instead, measurement of the local survivability of bacteria at the most
challenged insertion site (receiving the lowest UV dose) represents a worse-case test condition
than a bulk analysis. To determine the weakest UV dose in the device chamber, the UV irradiance,
defined as the radiant flux per surface area, was modelled according to the standard equation
for light emanating from a source, in this case a Lambertian emitter, which is projected onto an
angled surface [29-31]:
cos™(0)

E:I*
72

[mW [cm?] (H

where, [ is the absolute intensity of the source (mW/sr), r is the distance (cm) to the surface,
and 0 is the angle between the surface normal and the incident light. Here, I = I,,4x * Lei(¢)
where [, is the relative intensity, varying with angle ¢ from the source, and /,,,,, is the maximum
intensity (mW/sr). To achieve a higher accuracy luminescent model, I,.;(¢) can be expressed by
a fitting curve in the shape of [29] :

1(¢) = (c(0) + c(D)g + c(2)¢” + c3)¢” + c(4)p)cos™ () 2

where the coefficients can be determined empirically. Due to available data and simplicity
considerations, instead of using Eq. (2), the intensity curve /() provided in the LED specifications
was numerically converted and incorporated to our irradiance model in Eq. (1).
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The exponential “m” is a dimensionless number reflecting the LED viewing angle, typically
greater than 30°, and defined as [29]:

o —In2 3)

nfon(or]

In the described UV LED, m equals approximately 1, representing a perfect Lambertian, making
its contribution negligible, and hence it was omitted from calculations based on Eq. (1). While in
principle the intensity can vary both with the polar angle and azimuthal angle, the intensity is
taken to be constant as a function of the latter, in accordance with the LED specifications (Fig. 2).
The value for 6 is calculated as the inverse cosine of the dot product of the unit vector in the
direction of the light ray, 7, and the unit normal vector, N , of the surface plane. This equation is
valid in the far-field, for distances of r greater than five times the greatest dimension of the source
[32,33]. The dose at a specific wavelength H,(1) is subsequently calculated from the irradiance
and disinfection time as [28,34]:

H,(A) = EQ)At [mJ/em?] )

where At is the disinfection time in units of seconds and E(A) is the irradiance in mW/cm?.
Validation of the UV irradiance model, i.e., Eq. (1), was implemented by first measuring the
light irradiance at different distances and angles away from the UV source using an XYZ stage
fitted with a UV sensor (GenUV GUVCL-T21) that converts irradiance to voltage. Following
mapping with the XYZ stage, the data was subsequently fitted to Gaussian profiles as a function
of z from the source. As the XYZ stage axis is imperfectly aligned with the LED, the maximum
measured irradiance was taken to be at the center of the LED, and the Gaussian fittings were
offset accordingly (shown in Fig. 3(a)). Subsequently, the linearity of the measured irradiance,
E, was assessed as a function of the right-hand side of Eq. (1), COVSH). As shown in Fig. 3(b),
the relationship is linear, implying that the chosen model for UV irradiance is accurate at this
working distance.

The UV irradiance distribution in the UV chamber is presented in Fig. 3(c). Also considered
was the maximum expected needle displacement along the x and y axes, as determined by
a mechanical design tolerance analysis. The needle position in the CAD design was varied
along the x-axis and y-axis separately until mechanical contact occurred between the needle
and guide-holes or between the needle housing and track. The largest tolerance in either axis
was used to fit a circular region of specific diameter for each of the four needle insertion sites.
The weakest average insertion site irradiance was extracted from the model and used to design
the validation setup. Using a 2mW LED operating for 60 seconds, for example, the minimum
average insertion site dose would be around 142 mJ/cm?, occurring at the lower insertion site on
the stopper. The other insertion site average doses are 1040 mJ/cm? (septum, top), 322 mJ/cm?
(septum, bottom), and 170 mJ/cm? (stopper, top). The weakest single point is slightly lower than
the weakest insertion site average, at around 127 mJ/cm?, whereas the strongest single point is
1250 mJ/cm?, occurring within the top insertion site in the septum, which is over 9-times greater
than the weakest single point dose. The exact LED power and duration is set according to the
microbial disinfection results.

2.2. Design of validation setup

To emphasize the challenge at hand, the design of the geometrically equivalent validation setup
was motivated by the inability to demonstrate 3 or 6 log reduction within the medical device itself.
The claim of equivalency comes from the analytical modelling of the device’s UV chamber, using
the proposed irradiance model (Eq. (1)) incorporated with the LED manufacturing specifications
(Fig. 2(b)) and the disinfected surfaces orientation (described in Fig. 3(c)). This modelling
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Fig 1. Spectrum, T,=25°C, ,520mA
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Table 1. Electro-Optical characteristics at 20mA
c) (T.=25C, RH=30%)

Parameter

Peak wavelength [1] Ap 275 nm
Radiant Flux[2) De(3] 20 mwW

Forward Voltage [4] VF 6.0 \'

Spectrum Half Width AN 1 nm
Radiant Angle 201/2 125 deg.

Fig. 2. UVC LED specifications. a) Relative intensity curve as a function of wavelength,
with a peak wavelength of 275 nm, and half width of 11 nm. b) Relative intensity curve as
a function of viewing angle. Intensity is reduced by 50% for a half viewing angle (¢ /2)
of 62.5°. ¢) Supplementary electro-optic data. LED efficiency, also described as “wall plug
efficiency” (WPE) can be calculated according to the relation of 7, = <I>e_1(3/l) [28]. The total
flux ®.(2)[mW] at a given wavelength is provided by the manufacturer and equals to 2 mW.
The electrical P [mW] equals V - I hence n, = 1.67%.

provided the irradiance mapping inside the chamber, and most importantly exposed the weakest
regions where a sufficient dose takes the longest amount of time to be achieved. By identifying
those sparse regions, a test setup simulating those regions can be established, allowing us to
perform a UV log reduction experiment, calculate the applied effective dose on the disinfected
surface and claim equivalency with respect to the infusion device.

For experimental simplicity and robustness, in the validation setup the UV LED was placed
perpendicular to the surface of the test substrate, as shown in Fig. 1(c). Using the irradiance
model described in Eq. (1), the validation setup was designed to deliver an average dose about
20% less (as a safety margin) than the weakest dose in the UV chamber (117 mJ/cm? versus
142 mJ/cm?) in the device. Since the irradiance varies with the inverse-square of the distance
to the source, this was done by simply adjusting the distance, z, of the LED to the test surface,
while maintaining the same inoculation area (a circular area of around 10.6 mm in diameter). In
the chosen geometry, the LED is positioned 9 mm from the test surface, and the exposure area
extends up to an angle of 6 = 30° with the test surface. Since the resulting irradiance profile
in the validation setup is also non-uniform, it is possible that the log reduction experiment is
again biased, but this time non-favorably, by the higher survivability of bacteria at the edges of
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Fig. 3. UV irradiance model. a) Raw data measurements of UV irradiance from a single
LED positioned 3 to 10 mm normally from the UV sensor and varied from —5 to 5 mm
orthogonally along one axis for a total of 11 points at each distance. The data was fitted to
Gaussian functions. b) Relationship between measured irradiance and relevant geometric
parameters: the distance, r, from the source, and the angle of the incident light with the
surface, 6. The plotted points are derived from the Gaussian fittings in the range of 4 to
10 mm. The line of best fit was assessed for N =48 samples. c) Irradiance distribution on
the septum and stopper walls, solved in MATLAB. The CAD model was superimposed on
the irradiance model for visualization. The needle insertion sites are indicated by the circles.
The coordinate system is shown above the plot.

the inoculation site. It would be near impossible to construct a uniform irradiance profile at the
distance under consideration given the non-isotropic nature of the light source. Moreover, it is
assumed that the UV radiation impacting the bacterial DNA is equally effective at all angles
(i.e., the orientation of the DNA is random). The validation was repeated separately for each
test material (stopper and septum), since each possesses unique surface finish/roughness, hence
reflectivity, which can impact the average delivered dose [35].

2.3. Selection of test bacteria

The selection of test bacteria depends on the intended use of the medical device and risk of
transmitting disease. The FDA classifies low-level disinfection as a process that kills most
vegetative bacteria, some viruses, and some fungi, but not mycobacteria or bacterial spores
[36]. Although a low-level disinfection requirement is appropriate given the expectation of low
microbial contamination for a primarily sterile non-reusable device, testing was implemented
under more stringent assumptions using both moderately and highly UV tolerant microorganisms
at high concentration. The moderately UV tolerant microorganisms were tested for 6-log reduction
and include unmixed suspensions of Pseudomonas aeruginosa (ATCC 9027), Staphylococcus
aereus (ATCC 6538), Escherichia coli (ATCC 8739), Micrococcus luteus (ATCC 10240),
Klebsiella pneumonia (ATCC 4352), and Klebsiella aerogenes (ATCC 51697). The highly UV
tolerant microorganisms were tested for 3-log reduction and include Bacillus subtilis spores
(ATCC 5230), Bacillus pumilus spores (ATCC 27142), and Deinococcus radiodurans (ATCC
13939). Note that to date there is no FDA standard on UV surface disinfection, and the choice of
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log reduction can be modified according to the specific risk tolerance. It is worth emphasizing
that any vegetative bacteria are likely to be eradicated by UV doses suitable for sterilizing spores
[37]. As such, spore suspensions are common candidates for UV surface disinfection studies
[22,23].

Justification for the selection of the vegetative microorganisms is made mainly based on their
prevalence and risk to humans. Pseudomonas aeruginosa is a common Gram-negative bacterium
that can cause disease in humans and can be found in most man-made environments, including
hospitals [38]. Staphylococcus aureus is the second most isolated bloodstream pathogen and
responsible for half a million hospitalizations and 50,000 deaths per year in the USA alone
[39]. Escherichia coli, as the best characterized organism on earth and studied extensively in
UV disinfection [40], represents an ideal reference organism and can cause life-threatening
illness. Klebsiella pneumonia is a bacterium that has become increasingly resistant to antibiotics,
rendering infections by these strains very challenging to treat [41]. Lastly, Micrococcus luteus is
a generally harmless saprophyte that is found ubiquitously but can be opportunistic pathogens for
the immunocompromised [42].

Another important parameter in the selection of bacteria is the bacterial substrate. UV
disinfection testing is commonly implemented using spores, since spores represent the greatest
microbial challenge, but also because spores are unaffected by drying and the resulting high
osmotic pressure in the surrounding environment. As was observed experimentally (data
not shown), the concentration of a vegetative solution dried on the test substrate is reduced
significantly by drying. This complicates the testing procedure especially when the surface
area of the substrate is small, since a concentrated bacteria solution on the order of 108 to 10°
cfu/ml will be compacted into a relatively thick, UV-impenetrable film. By comparison, the
study presented by Chen et al. (2019) used 200 ul aliquots of Staphylococcus aureus dried over a
100 cm? area, whereas the test substrate used in the current validation method is only 0.8 cm? for
the same aliquot volume [26]. A similar limitation can be inferred for biofilms, i.e., the surface
area of the substrate is insufficient to support a biofilm with realistic thickness. Moreover, drying
times can vary between samples and drying is non-uniform, which results in significant variability
in the log reduction results. Therefore, UV disinfection of the spore species was conducted in the
dry state, whereas UV disinfection of the vegetative bacteria was conducted in the wet state.

2.4. Log reduction testing

Prior to inoculation, all materials were washed with sterile PBS and dried. The test materials
(stopper and septum) were inoculated with 200 ul of microorganism suspension, either dried for
several hours (spores) or kept in the wet state (vegetative bacteria) and were UV-treated. The
suspension was pipetted onto the surface in the form of a droplet, which stayed intact due to
the hydrophobicity of the elastomeric surface. Three samples were treated at each dose up to
300 mJ/cm? with dose intervals of typically around 30-100 mJ/cm? depending on the expected
resolution to capture the log reduction dynamics. The positive control was also repeated in
triplicate. The samples that were UV-treated as well as PC and negative control (NC) samples
were each transferred to a test tube containing 30 mL of PBS and vortexed for 1 for minute.
The contents of all tubes were serially diluted, the appropriate dilutions were filtered, and the
membranes were transferred to MacConkey Agar plates. All plates were incubated at 30-35° for
up to 3 days, and the individual colonies were counted for calculation of the log reduction, using
the following equation:

A
Log Reduction = long (®)]
where A is the average colony count of the positive control (average of 3 samples), and B is

the colony count of the disinfected sample (average of 3 samples). The data was subsequently
fitted to exponential decaying functions using nonlinear minimization (Nelder-Mead method).



Research Article Vol. 13, No. 4/1 Apr 2022/ Biomedical Optics Express 2152 |

Biomedical Optics EXPRESS -~

The choice of an exponential fitting ultimately depends on the quality of the fitting with the
observations, but many studies of UV surface, water, and even air disinfection show exponential
or sigmoidal dose dependency. Exponential behavior is consistent with the application of ionizing
radiation, including UV radiation, where the death rate of the microorganism is described as
a single-unit action [37,43]. When the death of a microorganism is the result of a cumulative
effect, the curve is sigmoidal [44]. An initial lag phase with a lower rate of deactivation may be
present if a certain minimum dose is required to impart any detrimental effect, as observed in
early surface disinfection studies of Bacillus anthracis [45]. If the microbial inactivation rate
drastically decreases with increasing dose, a tailing phase may appear, which could be attributed
to an aggregation of microorganisms (or microorganisms that physically shield others) or the
existence of a resistant subpopulation [46,47].

3. Results and discussion

The log reduction versus dose summary for the nine tested microorganisms is presented in
Fig. 4(a), and selected graphs of the raw data fitted to exponential functions are presented
in Fig. 4(b). The choice of a single exponential fitting appears to be correct for most of the
experiments, which can be qualitatively inferred by the proximity of the data points to the fitted
function. While the Deinococcus radiodurans data deviates somewhat from exponential, the
reduction can still be extracted. To calculate the log-reduction dose for each microorganism, the
intersection of the fitted exponential function with the required reduction level (dashed line in
Fig. 4(b)) was determined. The decimal reduction time (D-value) was subsequently calculated as
the required dose divided by the log reduction (either 6 or 3 log). As can be seen in the raw data
measurements, typically the standard deviation between repeats was minimal, and any error may
in part be explained by the variance in droplet positioning relative to UV LED position. Any
deviations from perfect center result in a lower average dose. In the wet state, Staphylococcus
aureus was the easiest to kill and Deinococcus radiodurans, which is known to be highly effective
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Fig. 4. Log reduction results. a) Comparison of D-values (dose per log reduction) for all
tested microorganisms on the stopper surface. The vegetative species were tested in the wet
state, while the spores were tested in the dry state. b) Selected log-reduction graphs showing
log reduction versus dose. Each raw data point is an average of three measurements, and
the error bar represents one standard deviation. The data was fitted to single exponential
functions. The horizontal dashed line represents the required reduction level (either 3 or
6 log), and the required dose at that level is indicated by the intersection with the vertical
dashed line. The axis is zoomed in from O to 250 mJ/cmz, and in some cases, there are
unseen datapoints (following the exponential trend) outside of this window.
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at withstanding lethal and mutagenic damaging agents [48], was the hardest to kill. The two
spore species yielded a roughly 30% difference in D-value.

As mentioned, the vegetative bacteria suspension was UV-exposed in the wet state, so there
was some uncertainty regarding the killing effectiveness relative to a dried substrate. The surface
tension causes the droplet to protrude closer to the LED, by up to about 2.5 mm at the center.
Additionally, the dose is affected by the reflectivity and absorbance of the growth medium [35]
and for more dense microbial suspensions the absorbance will increase. Therefore, the bacteria at
the bottom of the droplet will be obscured by the dense bacteria suspension on top. Importantly,
some of the tested bacteria, such as E. coli, was as challenging or even more challenging to kill
than the highly UV-tolerant spores in the dry state. This contradicts the general expectation of
higher spore survivability against UV [37] . In studies of log inactivation of these bacteria in
water, the spores were significantly more UV-resistant [49]. This difference is likely ascribed
to the layering of the bacteria, as well as the loading concentration of the spores relative to
the vegetive bacteria (106=107 cfu/ml versus 108—10° cfu/ml). Nonetheless, for validation
purposes, the ranking of microorganism UV-tolerance is less critical, and the wet state represents
a worse-case, albeit unlikely scenario.

4. Conclusions and summary

Unlike liquid disinfection of a drug container, which is susceptible to human error/forgetfulness,
automated surface disinfection using UV light can be validated and controlled. In this study, a
unique method was described for UV validation and tested on nine organisms including two
spore species. The primary goal of this paper is to address a problem that originated from design
and intended use aspects of an on-body injector, using automated surface disinfection by UVC
technology. The small size of the disinfection surfaces required an alternative, equivalent test
setup based on modelling and mapping the worst-case disinfection sites. The proposed solution
successfully enables reduction testing and can be used to overcome future limitations.

It is worth emphasizing that common liquid disinfectants such as ethanol and isopropanol are
not recommended as high-level disinfectants for spores by the Center for Disease Control (CDC)
because of their inability to inactivate bacterial spores [11]. Moreover, several studies have
shown high spore survivability when subjected to ethanol treatment [50]. UV light, on the other
hand, will eradicate many spores, such as Bacillus subtilis [51], given sufficient irradiation. The
validation strategy presented here was designed to measure the “log kill” or log reduction and does
not consider actual contamination levels present on the device. The bacteria load tested is highly
unlikely, as contact studies of other common disinfection surfaces of interest show substantially
lower contamination levels [19,20] . The medical device at hand is a commercial, single use
injector that utilizes an off-the-shelf UV LED. Cost-benefit considerations were important to
eventually select a specific UV LED, such that the emission profile, intensity, power rating and
wavelength serve the best tradeoffs. Design improvements, such as micro-lenses equipped to the
LED for emission enhancement, or reflective coatings of both disinfected surfaces to increase
irradiance, can be considered to achieve better results in the device. A future optimization study
for identifying the best wavelength to pick based on a known group of pathogens as suggested
in [52-55] can be highly beneficial, by enabling a reduction of the LED exposure period in
accordance with the highest UV tolerant bacteria.
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